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Melanomacrophage centers (MMCs) are aggregates of highly pigmented phagocytes
found primarily in the head kidney and spleen, and occasionally the liver of many ver-
tebrates. Preliminary histological analyses suggested that MMCs are structurally similar
to the mammalian germinal center (GC), leading to the hypothesis that the MMC plays
a role in the humoral adaptive immune response. For this reason, MMCs are frequently
described in the literature as “primitive GCs” or the “evolutionary precursors” to the
mammalian GC. However, we argue that this designation may be premature, having
been pieced together from mainly descriptive studies in numerous distinct species.
This review provides a comprehensive overview of the MMC literature, including a
phylogenetic analysis of MMC distribution across vertebrate species. Here, we discuss
the current understanding of the MMCs function in immunity and lingering questions.
We suggest additional experiments needed to confirm that MMCs serve a GC-like role
in fish immunity. Finally, we address the utility of the MMC as a broadly applicable histo-
logical indicator of the fish (as well as amphibian and reptilian) immune response in both
laboratory and wild populations of both model and non-model vertebrates. We highlight
the factors (sex, pollution exposure, stress, stocking density, etc.) that should be consid-
ered when using MMCs to study immunity in non-model vertebrates in wild populations.

Keywords: melanomacrophage center, germinal center, fish immunology, non-model organisms, comparative
immunology

INTRODUCTION

The study of immunology in wild vertebrates is hamstrung because many tools cannot readily
be used in the field, and species-specific reagents do not exist for most non-model organisms.
Melanomacrophage centers (MMCs) might offer a simple, cheap, and broadly applicable measure
of adaptive immunity in poikilotherms. Here, we summarize and critically review this potentially
valuable tool for wild immunology.

Abbreviations: MM, melanomacrophage; MMC, melanomacrophage center; GC, germinal center; RPMs, red pulp mac-
rophages; TBMs, tingible body macrophages; FDC, follicular dendritic cell; T, T follicular helper cell; Ig, immunoglobulin;
SHM, somatic hypermutation; AID, activation-induced cytidine deaminase.
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MMCs as Poikilotherm Immune Biomarker

Melanomacrophages (or melanin-macrophages, MMs) are
pigmented phagocytes found primarily in poikilotherm lymphoid
tissues. MMs are darkly pigmented due to high lipofuscin, mela-
nin, and haemosiderin content (1), making them histologically
distinguishable via light microscopy (Figure 1). Nodular accu-
mulations of closely packed MMs, known as MMCs, are primar-
ily observed in the kidney, spleen, and liver. Generally, kidney
and liver MMCs are diffuse and less structured, while splenic
MMCs are more organized (2-4). As detailed below, the leading
hypothesis is that MMCs represent a primitive site of adaptive
immune system activation. As such, they may offer a valuable
low-cost marker for measuring adaptive immunity across most of
the vertebrate tree of life, in both model and non-model species. If
so, MMCs could provide a widely applicable tool for wild immu-
nology, as they are near-ubiquitous across vertebrates. MMCs
are reported in over 130 fish species (Figure S1 and Table S1 in
Supplementary Material) and are also present in amphibians and
most reptiles (Figures S2 and S3 and Table S2 in Supplementary
Material). This review centers on the well-studied piscine MMC
but comments on the less-well known amphibian and reptile
MMCs, where relevant.

NON-IMMUNOLOGICAL FUNCTIONS
OF THE MMC

The MMC is thought to play dual roles, participating both in
immune defenses and normal, non-immunological, physiologi-
cal processes. This review focuses on MMC immune functions
but touches briefly on non-immunological roles [detailed
review by Wolke (5)]. Like other macrophages, MMs’ primary
function is phagocytosis. The presence and long-term storage
of unmetabolized, effete materials, earned MMCs the title of
“metabolic dumps” (6). This indigestible material, which gives
MMs their characteristic pigmentation, can be of endogenous or
exogenous origins. Endogenous materials are obtained through
the phagocytosis of exhausted cells, particularly erythrocytes.
Erythrophagocytosis by MMCs is widely reported and goes back
to the earliest MMC description by Blumenthal in 1908 (7-13).
More recent studies showed that turtle MMs can erythrophago-
cytose in vitro (14). The presence of degraded erythrocytes
and hemosiderin suggests that MMs function in iron recycling
(10, 11), much like the hemosiderin-laden splenic red pulp

macrophages (RPMs) found in mammals (15). Exogenous
materials, of natural or experimental origins, also collect within
MMCs. Metal deposits (16, 17) and experimentally injected inert
substances (13, 18-23) accumulate within MMs. These findings
highlight the importance of MMCs in debris clearance and
long-term storage of highly indigestible and/or toxic materials.
The phagocytic nature of these cells is similar to that of the tin-
gible body macrophage (TBM) found in the mammalian splenic
germinal center (GC) (24). While the role of waste product
repository is considered non-immunological, as we discuss in the
following section, this physiological necessity may overlap with
an important MMC immunological function: antigen retention.

IMMUNE FUNCTIONS OF THE MMC

Early descriptions proposed that MMCs function in both the
innate and adaptive arms of the immune response (25). MM
phagocytic activity is not limited to erythrocytes as they also
phagocytose infectious materials (14, 21, 25-27). Turtle MMs
are described as “aggressively phagocytic,” attacking bacteria,
fungi, and helminth parasite eggs in vitro (14). MMCs’ close
association with specialized capillaries in the spleen, known as
ellipsoids (8, 28), suggests that they may scavenge blood borne
pathogens. This notion is supported by the observation that,
in vivo, MMCs quickly remove injected foreign materials from
the circulation (13, 18-20, 27).

Morphological characteristics, organ location, and association
with infection/immunization led to the hypothesis that MMCs
are analogs, or “primitive” evolutionary precursors, of the mam-
malian GC (1, 5, 10, 21, 27-32). As such, they may participate in
the adaptive immune response. In mammals, the GC response is
crucial for the differentiation and clonal expansion of memory
B cells and high-affinity plasma cells. Extensive experimentation
has elucidated the complex spatial structure, cell-cell interac-
tions, and molecular processes that occur within the mammalian
GC (33). The GC has a well-defined architecture, with distinctive
B-cell, follicular dendritic cell (FDC) and T follicular helper cell
(Ten) aggregates. Following antigen challenge, antigen-specific
B cells accumulate and proliferate causing a transient increase in
GC size (33). During the GC response, antigen-specific B cells,
mediated by interactions with FDCs and Tru, undergo clonal
expansion and differentiate into memory and plasma cells (33).

MMCs. Scale bar equals 62.5 pm.

FIGURE 1 | Light micrographs of stickleback (Gasterosteus aculeatus) splenic melanomacrophage centers. (A) Unstained spleen at 50x. Scale bar equals 250 pm.
Box outlines magnified section in panel (B). (B) Unstained spleen at 200x. Scale bar equals 62.5 pm. (C) H&E-stained spleen at 200x, and black arrows indicate
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FDCs serve as long-term antigen depots by maintaining intact
antigen on their surface in the form of immune complexes (IC)
(34). It is within GCs that antibody affinity maturation occurs.
In this targeted microevolutionary process, immunoglobulin
(Ig) genes undergo somatic hypermutation (SHM) and selection.
In GC B cells, the enzyme activation-induced cytidine deaminase
(AID) generates Ig gene mutations (35-37). GC B cells express-
ing mutated Ig genes are then selected based on their affinity for
antigen (38, 39). This process hones antibody specificity and is
necessary for an efficient humoral immune response.

Teleosts lack GCs; yet, nevertheless, they generate affinity-
matured antibody in response to antigen challenge (40, 41).
Descriptive studies, across many fish species, identified numer-
ous similarities between GCs and MMCs (Table 1), raising
the possibility that MMCs are the site of the teleost humoral
adaptive immune response. MMs, like mammalian FDCs,
stain positively with the CNA-42 monoclonal antibody (42)
and express CSF1-R (43). Fish injected with both infectious
and non-infectious substances demonstrated that MMCs are
sites of antigen retention (18, 19, 21, 22, 30, 44-46). Notably,
carp immunized with Aeromonas hydrophila retained antigen
in and around splenic MMCs for at least a year (21). Antigen
retained near or within MMC:s is extracellular, trapped within
IC, and the injection of preformed IC accelerates this retention
(47, 48). While these findings highlight many similarities
between MMs and FDCs, the erythrophagocytic and scaveng-
ing functions described in the previous section also suggest
similarities between the MMC and RPMs and TBMs found in
the mammalian spleen (Table 1).

Following immunization or infection, fish MMCs increase
in size and/or number (10, 13, 26, 32, 49-52), much like mam-
malian GCs. Study of MMC kinetics in goldfish showed that
MMs can both join existing aggregates or form new aggregates
(22). Lymphoid cells are observed in close proximity to teleost

TABLE 1 | Comparison of poikilotherm melanomacrophages with mammalian
follicular dendritic cells (FDC), red pulp macrophages (RPM), and tingible body
macrophages (TBM).

Mammals Poikilotherms

FDC RPM  TBM MMC

Location Spleen, Spleen Spleen, Spleen, kidney,
LN LN liver
Nodular aggregations + - - +
Erythrophagocytosis - + - +
Phagocytosis of exhausted/dead — - + +
cells
Stain with CNA-42 + - - +
Express CSF1-R + - - +
Retain antigen long-term within ICs + - - +
Found in close proximity to:
Lymphoid cells + - + +
AID-expressing cells + - + +
B cells undergoing SHM + - + Unknown
Differentiating B cells + - + Unknown
Activated B cells + - + Unknown

LN, lymph node; IC, immune complexes; AlD, activation-induced cytidine deaminase;
SHM, somatic hypermutation.

MMCs (13, 21, 53) and increase in response to immunization
(13). These studies, however, lacked species-specific reagents;
so determination of cell identity was not possible. More recent
immunohistochemical studies revealed MMC-adjacent Ig+ cells
that increase in number in response to experimental infection
(2-4). These Ig+ cells were presumed to be B cells, but the cells’
identity has not been confirmed as these stains cannot differenti-
ate between cells expressing Ig and those binding soluble Ig
(or IC) on their cell surface (2-4). While some Ig+ cell aggre-
gation was observed, they did not exhibit the highly compart-
mentalized structure characteristic of mammalian GCs (2-4).
Unlike the GC, the MMC response in some teleost species does
not correlate with an increased antibody production (13). More
recently, AID-expressing cells were identified in or proximal to
MMCs (54). Considering that AID expression is required for
SHM in mammals, this finding strongly supports the notion of a
GC-like MMC. However, SHM has not been directly documented
in MMCs (54). These studies provide compelling evidence that
MMCs and mammalian GCs likely perform similar functions,
but differences do remain. A systematic investigation of MMC
function has never been performed. Toward the end of this
review, we suggest an experimental road map to fully characterize
teleost MMC function.

EVOLUTIONARY HISTORY OF MMCs

Here, we consider both the likely timing and function of the
early evolution of MMCs. MMCs are present in both jawless
(Cyclostomata) and jawed vertebrates (Gnathostomata), imply-
ing that MMCs likely evolved at least 525 mya in a common
ancestor of all Vertebrata (Figure 2). This evolutionary gain
likely proceeds the evolution of adaptive immunity as jawed and
jawless vertebrates evolved unique adaptive immune systems
(55, 56). In “primitive” vertebrates like hagfish (Myxiniformes)
and sharks and rays (Chondrichthyes), MMs are diffusely
distributed, mostly in liver tissue. In contrast, bony vertebrates
[Euteleostomi (a.k.a., Osteichthyes)] exhibit more aggregated
MMs that form distinct MMCs primarily in the spleen and kid-
ney (6). Because bony fish, amphibians, and reptiles share splenic
aggregations, we infer that MMC concentration into the spleen
must have evolved in a common ancestor to Euteleostomi. That
is, splenic MMCs evolved between 430 and 460 mya, prior to the
split between ray-finned fishes (Actinopterygii) from lobe-finned
fishes and tetrapods (Sarcopterygii) but after their split from
Chondrichthyes (Figure 2). Note that this inference is based on
an assumption that MMCs are homologous structures (inherited
from a common ancestor) rather than having independently
evolved multiple times. This assumption has yet to be rigorously
tested with transcriptomic and genetic data.

Melanomacrophage centers are retained in most poikilo-
therms, though they are reported absent in a handful of species.
Admittedly, studies that did not locate MMCs (despite appreci-
able investigation) might be false negatives. Studies of MMCs
in jawless vertebrates are underrepresented, with reports from
only two Cyclostomata species (6). MMCs are reportedly absent
in the lamprey, Lampetra fluviatilis, but present in hagfish (6)
(Figure 2; Tables S1 and S3 in Supplementary Material). We are
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FIGURE 2 | Phylogeny showing melanomacrophage center (MMC) gains and
losses across vertebrate species. Detailed phylogenies of fish, amphibian,
and reptilian species can be found in Supplemental Material. The phylogeny
is not time-calibrated and was plotted using the ape package in R (57),

using a topology obtained from the OneZoom database (58). Drawings by
Doreen J. Bolnick.

aware of only two bony fish species that reportedly lack MMCs:
the fifteenspine stickleback, Spinachia spinachia, and the South
American armored catfish, Hypostomus francisci (Figure S1
and Table S3 in Supplementary Material) (8, 59). In all three
instances, MMC absence was determined by survey studies of a
few individuals from a single location. From these limited stud-
ies, it is difficult to determine if the absence of MMCs represents
species- or population-level variation. These absences should be
investigated in greater detail but suggest that MMCs can be lost
(or, replaced by another feature) without lethal effect. The sister
genus to Spinachia (Gasterosteus, including threespine stick-
leback) has distinct MMCs (Figure 1), indicating that loss can
occur over comparatively short macro-evolutionary time. MMCs
have also been lost, probably two separate times, in Squamate
reptiles (in vipers and a large snake clade including rat snakes
and keelbacks) (Table S3 in Supplementary Material). But, MMCs
were located in all amphibians we found reports for (Figure S2 in
Supplementary Material), and in turtles, lizards, and crocodiles
(Figure S3 in Supplementary Material). These aggregates are
generally less organized than those observed in bony fish. MMCs
are not observed in mammals or birds. If MMCs are indeed absent
in birds and mammals, it is likely that they were independently
lost. MMC loss in mammals is particularly note-worthy, because
pigmented RPMs are still found in mammalian spleens. These
macrophages perform physiological roles in erythrophagocyto-
sis and metabolic recycling but have no known role in the GC
response.

Collectively, evidence suggests several intriguing hypotheses
for the evolutionary origins of MMs, MMCs, and mammalian
GCs. We emphasize that these hypotheses are tentative but
intriguing enough to warrant rigorous evaluation. The first
hypothesis is that MMs initially evolved as molecular and cel-
lular “garbage dumps” without a particular immunological role,
in a common ancestor of all Vertebrata. Early MMs would have
encountered pathogens or their antigens while acting in this
clean-up capacity, which leads to a second hypothesis: MMs’
incidental interaction with pathogens subsequently became
entrenched and they gained immune function, perhaps in a
common ancestor to Gnathostomata. The third (and oldest)
hypothesis is that in early mammals, the MMCs evolved into
GCs, with splenic RPMs remaining to carry out erythrocyte
recycling function. We consider this third hypothesis in greater
detail in the next section.

ARE MMCs AN EVOLUTIONARY
PRECURSOR TO THE MAMMALIAN GC?

The notion of a “primitive GC”-like MMC has long been
speculated (1, 5, 10, 21, 25, 27-32). However, this conclusion was
drawn from descriptive studies, across many fish species, which
did not directly investigate how MMC parameters correlate with
immune function. As noted earlier, similarities between MMCs
and GCs make this conclusion compelling (Table 1). Chiefly,
both structures increase in size and/or number in response to
immunization or infection (10, 13, 26, 31, 50-52). The structures
also share cell types and expressed genes, but other observations
call the “GC-precursor” hypothesis into question. Most notably,
MMCs also respond to non-infectious settings, including poor
body condition, pollution exposure, starvation, aging, and injury
(discussed in detail below) (1, 10, 50, 60-63). When reconciling
the MMC response to both infectious and non-infectious
circumstances, these findings could be interpreted in several
different ways.

First, it is possible that MMCs evolved from a purely physi-
ological role, to gain immunological function, conducting both
roles simultaneously. Subsequent GC evolution may be a case
of sub-functionalization, in which a generalist tissue or cell
type, performing multiple roles, evolves into specialist sub-
populations. Second, the conditions that influence MMC status,
including infection/immunization, are all associated with tissue
destruction. So it is possible that the MMC response may not
be immunological like the GC but may simply be a non-specific
expansion of MMs in response to generalized tissue damage. In
this case, the proposed immune function of MMCs may be a
false lead.

Third, the association between MMCs and stress or tissue
damage could be confounded with infection. Poor body condi-
tion, aging, injury, pollution exposure, and starvation can facilitate
secondary infections. Thus, experiments that manipulate stressors
might have incidental effects on infection, making it difficult to
experimentally distinguish between non-infectious versus infec-
tious MMC responses. Conversely, infection or pollution expo-
sure may lead to poor body condition, injury, and/or suppressed
appetite/starvation. As exposure to pathogens or contaminants
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may not be readily detectible, an MMC response may mistakenly
be attributed to other environmental or physiological factors.

FUTURE DIRECTIONS

To determine whether MMCs function in a GC-like capacity,
further studies must directly test this hypothesis. Antigen-
specific B-cell clonal expansion and high-affinity antibody
production from mammalian GCs are the result of B-cell
proliferation, differentiation, and SHM. To determine if MMCs
are GC analogs, experiments must investigate if antigen-specific
B cells proliferate and differentiate in association with MM
aggregates. While the presence of AID-expressing cells within
the MMC implies that affinity maturation is occurring (54),
further experiments are necessary to assess whether antibody
gene SHM occurs within and is dependent on the MMC. The
mammalian GC response is T-cell dependent, as GC B-cell
clonal expansion and differentiation requires help from Tru
cells (64). T-dependent (TD) antigens are proteins that induce
GC reactions. T-independent (TI) antigens, in contrast, are
polysaccharide based, cannot be presented to Ty cells, and
consequently do not stimulate a GC response (65). Therefore,
a straightforward test of MMC function would compare the
MMC response to TD and TI antigens. Using next generation
sequencing tools, it would be useful to conduct a comparative
transcriptomic analysis of MMCs and GCs to determine simi-
larities and differences in gene expression. Lastly, MMC fine-
scale structure should also be defined, for instance using single
molecule fluorescent in situ hybridization to generate spatially
explicit maps of gene expression and the distribution of cell
types within MMCs. In the absence of functional studies that
directly test the hypothesis of a GC-like MMC, an abundance of
caution should be used when drawing conclusions regarding the
nature of the MMC response in immune function.

NOTES FOR THE WILD IMMUNOLOGIST

Though fundamental experiments are needed to clarify the
immunological significance of the MMC, we nevertheless assert
that the MMC is potentially a practical biomarker of immune
function in both laboratory and wild studies. As MMCs are
evolutionarily conserved in many poikilothermic species, histo-
logical assays of the MMC state could provide a valuable tool for
comparative studies of adaptive immunity across the diversity
of vertebrates. Due to their inherent pigmentation, the MMC
response can be easily visualized and quantified via light micros-
copy, without the need for costly species-specific reagents. This
pigmentation also makes MMs highly autofluorescent, a feature
that can be employed to isolate MMs via FACS sorting (43, 54).
Though MMCs appear to be a useful bioindicator of poikilotherm
immune function, several variables must be considered when
designing and analyzing laboratory or wild studies.

Careful consideration should be given to sampling relevant
tissues and quantifying the appropriate MMC parameters. Most
immunological (and non-immunological) studies of the MMC
focus on a single tissue. In light of the phylogenetic association
of the MMC with different organs (6), researchers should be sure

that the appropriate tissue(s) are sampled. The MMC response
is quantified using various parameters including aggregate
size, number, total pigmented area, pigmentation intensity, and
aggregate circularity (shape factor). These variables can change
through time in response to various stressors, and some are cor-
related (e.g., size and pigmented area). However, in the absence
of a functional understanding of the nature of the MMC in the
immune response it’s not yet clear which metric(s) should be
reported. Therefore, to avoid cherry-picking results, attention
and justification should be given for choosing tissues to sample
and MMC parameters to report.

The MMC can also respond to physiological and environ-
mental changes. This presents a difficult situation for the wild
immunologist. Histological MMC parameters vary in response
to life history and environmental factors. Sex (60, 66), diet (52, 61,
63, 67), spawning phase (68), season (69), temperature (70), and
UV exposure (71) influence MMC status. Several authors reported
a linear correlation between age and elevated MMC metrics
(17,72-74). Studies also showed MMC responses to environmen-
tal stressors. In fish, farming increased MMC density compared
to the same species raised in wild conditions (75). Other aqua-
culture variables, such as ranching time and stocking density,
influence MMC metrics (67, 76).

Numerous investigations report correlations between
“degraded environments” and MMC status. Decreased dissolved
oxygen levels were associated with an increased fish MMC
number (77). Several studies documented MMC responses to
environmental contaminant exposure in wild fish and amphib-
ians (66, 73, 77-81). However, many of these studies compared
contaminant-exposed animals to those from uncontaminated
“control” areas, without accounting for confounding effects
of infection or other physiological or environmental factors.
Nevertheless, controlled experimental exposure of lab-raised
fish to environmental contaminants supports the notion of a
pollutant-induced MMC response (52, 82-85). These obser-
vations, combined with MMC responses to life history and
environmental factors (1, 10, 17, 31, 49, 50, 60-63, 72-74, 80),
underscore the difficulty in interpreting MMC metrics in wild
populations. If meaningful conclusions are to be drawn regarding
the MMC response in wild (and lab-raised) animals, thoughtful
consideration must be given to choosing appropriate controls
and accounting for physiological and environmental variables
in analyses. Therefore, we recommend wild studies employing
the MMC assay without validation and appropriate controls be
interpreted with caution.

CONCLUSION

The MMC shares many structural, cellular, and molecular simi-
larities with the mammalian GC, suggesting an evolutionary tie
to mammalian adaptive immunity. Parallels between these struc-
tures led researchers to recognize the potential for the MMC as
a histological biomarker of poikilotherm immune response. We
assert, however, that this tool should be used with caution. While
descriptive studies have identified important features of the MMC,
functional studies are needed to confirm its role in the adaptive
immune system. If such studies validate this immunological tool,
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they will pave the way for comparative studies of the evolutionary
origins of vertebrate immunity and for experimental immunology
in wild populations.

AUTHOR CONTRIBUTIONS

NS and DB wrote and edited the manuscript.

ACKNOWLEDGMENTS

We thank John Wiens for the reptile phylogeny, Mike Alfaro and
Dan Rabosky for the ray-finned fish phylogeny, and Alex Pyron
for the amphibian phylogeny. We thank Doreen J. Bolnick for

REFERENCES

10.

11.

12

13.

14.

15.

. Agius C, Roberts RJ. Melano-macrophage centres and their role in fish

pathology. ] Fish Dis (2003) 26:499-509. doi:10.1046/j.1365-2761.2003.
00485.x

Falk K, Press CM, Landsverk T, Dannevig BH. Spleen and kidney of
Atlantic salmon (Salmo salar L.) show histochemical changes early in the
course of experimentally induced infectious salmon anaemia (ISA). Vet
Immunol Immunopathol (1995) 49:115-26. doi:10.1016/0165-2427(95)
05427-8

Press CM, Dannevig BH, Landsverk T. Immune and enzyme histochemical
phenotypes of lymphoid and nonlymphoid cells within the spleen and head
kidney of Atlantic salmon (Salmo salar L.). Fish Shellfish Immunol (1994)
4:79-93. doi:10.1006/fsim.1994.1007

Bermudez R, Vigliano F, Marcaccini A, Sitja-Bobadilla A, Quiroga MI,
Nieto JM. Response of Ig-positive cells to Enteromyxum scophthalmi
(Myxozoa) experimental infection in turbot, Scophthalmus maximus (L.):
a histopathological and immunohistochemical study. Fish Shellfish Immunol
(2006) 21:501-12. doi:10.1016/j.£51.2006.02.006

Wolke RE. Piscine macrophage aggregates: a review. Annu Rev Fish Dis (1992)
2:91-108. doi:10.1016/0959-8030(92)90058-6

Agius C. Phylogenetic development of melano-macrophage centres in fish.
J Zool (1980) 191:11-31. doi:10.1111/j.1469-7998.1980.tb01446.x
Blumenthal R. Sur le role érythrolytique de la rate chez les poissons.
Comptes rendus hebdomadaires des seances de [Academie des science (1908)
146:190-1.

Yoffey JM. A contribution to the study of the comparative histology and
physiology of the spleen, with reference chiefly to its cellular constituents:
I. in fishes. ] Anat (1929) 63:314-44.

Dawson AB. The hemopoietic response in the catfish, Ameiurus nebulosus,
to chronic lead poisoning. Biol Bull (1935) 68:335-46. doi:10.2307/1537555
Agius C. The role of melano-macrophage centres in iron storage in normal
and diseased fish. J Fish Dis (1979) 2:337-43. doi:10.1111/j.1365-2761.1979.
tb00175.x

Fulop GMI, McMillan DB. Phagocytosis in the spleen of the sunfish Lepomis
spp. ] Morphol (1984) 179:175-95. d0i:10.1002/jmor.1051790205

Agius C, Agbede SA. An electron microscopical study on the genesis of lipo-
fuscin, melanin and haemosiderin in the haemopoietic tissues of fish. J Fish
Biol (1984) 24:471-88. d0i:10.1111/j.1095-8649.1984.tb04818.x

Herraez MP, Zapata AG. Structure and function of the melano-macrophage
centres of the goldfish Carassius auratus. Vet Immunol Immunopathol (1986)
12:117-26. doi:10.1016/0165-2427(86)90116-9

Johnson JC, Schwiesow T, Ekwall AK, Christiansen JL. Reptilian mela-
nomacrophages function under conditions of hypothermia: observations
on phagocytic behavior. Pigment Cell Res (1999) 12:376-82. doi:10.1111/
j.1600-0749.1999.tb00521.x

Klei TRL, Meinderts SM, van den Berg TK, van Bruggen R. From the cradle to
the grave: the role of macrophages in erythropoiesis and erythrophagocytosis.
Front Immunol (2017) 8:73. doi:10.3389/fimmu.2017.00073

providing line drawings for Figure 2 and the Figure S1-S3 in
Supplementary Material.

FUNDING

This work was supported by research funding from the Howard
Hughes Medical Institute.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal frontiersin.org/article/10.3389/fimmu.2017.00827/
full#supplementary-material.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bunton TE, Baksi SM, George CJ, Frazier JM. Abnormal hepatic copper
storage in a teleost fish (Morone americana). Vet Pathol (1987) 24:515-24.
doi:10.1177/030098588702400608

Pulsford AL, Ryan KP, Nott JA. Metals and melanomacrophages in flounder,
Platichthys flesus, spleen and kidney. ] Mar Biol Assoc U.K. (1992) 72:483-98.
doi:10.1017/S002531540003784X

Mackmull G, Michels NA. Absorption of colloidal carbon from the peritoneal
cavity in the teleost, Tautogolabrus adspersus. Am ] Anat (1932) 51:3-47.
doi:10.1002/aja.1000510103

Ellis AE, Munroe A, Roberts RJ. Defence mechanisms in fish. 1. A study of
the phagocytic system and the fate of intraperitoneally injected particulate
material in the plaice (Pleuronectes platessa L.). ] Fish Biol (1976) 8:67-79.
doi:10.1111/j.1095-8649.1976.tb03908.x

Lamers CH, Parmentier HK. The fate of intraperitoneally injected carbon
particles in cyprinid fish. Cell Tissue Res (1985) 242:499-503. doi:10.1007/
BF00225414

Lamers CH, De Haas MJ. Antigen localization in the lymphoid organs of carp
(Cyprinus carpio). Cell Tissue Res (1985) 242:491-8. doi:10.1007/BF00225413
Ziegenfuss MC, Wolke RE. The use of fluorescent microspheres in the study of
piscine macrophage aggregate kinetics. Dev Comp Immunol (1991) 15:165-71.
do0i:10.1016/0145-305X(91)90007-L

Sayed AH, Younes HAM. Melanomacrophage centers in Clarias gariepinus
as an immunological biomarker for toxicity of silver nanoparticles. ] Microsc
Ultrastruct (2016) 5:97-104. doi:10.1016/j.jmau.2016.07.003

Davies LC, Jenkins SJ, Allen JE, Taylor PR. Tissue-resident macrophages.
Nat Immunol (2013) 14:986-95. doi:10.1038/sj.emboj.7600085

Roberts RJ. Melanin-containing cells of teleost fish and their relation to
disease. In: Ribelin WE, Migaki G, editors. The Pathology of Fishes. University
of Wisconsin (1975). p. 399-428.

Vogelbein WK, Fournie JW. Sequential development and morphology of
experimentally induced hepatic melano-macrophage centres in Rivulus
marmoratus. ] Fish Biol (1987) 31:145-53. doi:10.1111/j.1095-8649.1987.
tb05306.x

Brattgjerd S, Evensen O. A sequential light microscopic and ultrastructural
study on the uptake and handling of Vibrio salmonicida in phagocytes of the
head kidney in experimentally infected Atlantic salmon (Salmo salar L.).
Vet Pathol (1996) 33:55-65. d0i:10.1177/030098589603300106

Ferguson HW. The relationship between ellipsoids and melano-macrophage
centres in the spleen of turbot (Scophthalmus maximus). ] Comp Pathol (1976)
86:377-80. doi:10.1016/0021-9975(76)90005-0

Lamers CH. Histophysiology of a primary immune response against
Aeromonas hydrophila in carp (Cyprinus carpio L.). JExp Zool (1986)
238:71-80. doi:10.1002/jez.1402380109

Ellis AE. Antigen-trapping in the spleen and kidney of the plaice Pleuronectes
platessa L. ] Fish Dis (1980) 3:413-26. doi:10.1111/j.1365-2761.1980.
tb00425.x

Kranz H, Peters N. Melano-macrophage centers in liver and spleen of ruffe
(Gymmnocephalus cernua) from the elbe estuary. Helgol Meeresunters (1984)
37:415-24. doi:10.1007/BF01989320

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 827


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00827/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00827/full#supplementary-material
https://doi.org/10.1046/j.1365-2761.2003.00485.x
https://doi.org/10.1046/j.1365-2761.2003.00485.x
https://doi.org/10.1016/0165-2427(95)05427-8
https://doi.org/10.1016/0165-2427(95)05427-8
https://doi.org/10.1006/fsim.1994.1007
https://doi.org/10.1016/j.fsi.2006.02.006
https://doi.org/10.1016/0959-8030(92)90058-6
https://doi.org/10.1111/j.1469-7998.1980.tb01446.x
https://doi.org/10.2307/1537555
https://doi.org/10.1111/j.1365-2761.1979.tb00175.x
https://doi.org/10.1111/j.1365-2761.1979.tb00175.x
https://doi.org/10.1002/jmor.1051790205
https://doi.org/10.1111/j.1095-8649.1984.tb04818.x
https://doi.org/10.1016/0165-2427(86)90116-9
https://doi.org/10.1111/j.1600-0749.1999.tb00521.x
https://doi.org/10.1111/j.1600-0749.1999.tb00521.x
https://doi.org/10.3389/fimmu.2017.00073
https://doi.org/10.1177/030098588702400608
https://doi.org/10.1017/S002531540003784X
https://doi.org/10.1002/aja.1000510103
https://doi.org/10.1111/j.1095-8649.1976.tb03908.x
https://doi.org/10.1007/BF00225414
https://doi.org/10.1007/BF00225414
https://doi.org/10.1007/BF00225413
https://doi.org/10.1016/0145-305X(91)90007-L
https://doi.org/10.1016/j.jmau.2016.07.003
https://doi.org/10.1038/sj.emboj.7600085
https://doi.org/10.1111/j.1095-8649.1987.tb05306.x
https://doi.org/10.1111/j.1095-8649.1987.tb05306.x
https://doi.org/10.1177/030098589603300106
https://doi.org/10.1016/0021-9975(76)90005-0
https://doi.org/10.1002/jez.1402380109
https://doi.org/10.1111/j.1365-2761.1980.tb00425.x
https://doi.org/10.1111/j.1365-2761.1980.tb00425.x
https://doi.org/10.1007/BF01989320

Steinel and Bolnick

MMCs as Poikilotherm Immune Biomarker

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Secombes CJ. Histological changes in lymphoid organs of carp following
injection of soluble or particulate antigens. Dev Comp Immunol (1982)
6(Suppl 2):53-8.

Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol (2012)
30:429-57. doi:10.1146/annurev-immunol-020711-075032

Heesters BA, Myers RC, Carroll MC. Follicular dendritic cells: dynamic
antigen libraries. Nat Rev Immunol (2014) 14:495-504. doi:10.1038/nri3689
Muramatsu M, Kinoshita K, Fagarasan S, Yamada S. Class switch recombi-
nation and hypermutation require activation-induced cytidine deaminase
(AID), a potential RNA editing enzyme. Cell (2000) 102:553-63. doi:10.1016/
$0092-8674(00)00078-7

Nussenzweig A, Nussenzweig MC. Origin of chromosomal translocations in
lymphoid cancer. Cell (2010) 141:27-38. doi:10.1016/j.cell.2010.03.016

Pavri R, Nussenzweig MC. AID targeting in antibody diversity. Adv Immunol
(2011) 110:1-26. doi:10.1016/B978-0-12-387663-8.00005-3

Jacob J, Kelsoe G, Rajewsky K, Weiss U. Intraclonal generation of antibody
mutantsin germinal-centers. Nature (1991) 354:389-92. doi:10.1038/354389a0
Berek C, Berger A, Apel M. Maturation of the immune-response in
germinal-centers. Cell (1991) 67:1121-9. doi:10.1016/0092-8674(91)90289-B
Solem ST, Stenvik J. Antibody repertoire development in teleosts — a review
with emphasis on salmonids and Gadus morhua L. Dev Comp Immunol (2006)
30:57-76. doi:10.1016/j.dci.2005.06.007

Kaattari SL, Zhang HL, Khor IW, Kaattari IM, Shapiro DA. Affinity mat-
uration in trout: clonal dominance of high affinity antibodies late in the
immune response. Dev Comp Immunol (2002) 26:191-200. doi:10.1016/
S0145-305X(01)00064-7

Vigliano FA, Bermudez R, Quiroga MI, Nieto JM. Evidence for melano-
macrophage centres of teleost as evolutionary precursors of germinal centres
of higher vertebrates: an immunohistochemical study. Fish Shellfish Immunol
(2006) 21:467-71. doi:10.1016/j.£51.2005.12.012

Diaz-Satizabal L, Magor BG. Isolation and cytochemical characterization
of melanomacrophages and melanomacrophage clusters from goldfish
(Carassius auratus, L.). Dev Comp Immunol (2015) 48:221-8. doi:10.1016/j.
dci.2014.10.003

Herrdez MP, Zapata AG. Trapping of intraperitoneal-injected Yersinia ruckeri
in the lymphoid organs of Carassius auratus: the role of melano-macrophages
centres. ] Fish Biol (1987) 31:235-7. doi:10.1111/j.1095-8649.1987.tb05321.x
Press CM, Evensen O, Reitan L], Landsverk T. Retention of furunculosis
vaccine components in Atlantic salmon, Salmo salar L., following different
routes of vaccine administration. J Fish Dis (1996) 19:215-24. doi:10.1111/
j.1365-2761.1996.tb00128.x

Tsujii T, Seno S. Melano-macrophage centers in the aglomerular kidney of
the sea horse (teleosts): morphologic studies on its formation and possible
function. Anat Rec (1990) 226:460-70. doi:10.1002/ar.1092260408

Secombes CJ, Manning MJ. Comparative studies on the immune-system of
fishes and amphibians - antigen localization in the carp Cyprinus carpio L.
] Fish Dis (1980) 3:399-412. doi:10.1111/j.1365-2761.1980.tb00424.x
Secombes CJ, Manning MJ, Ellis AE. Localization of immune complexes and
heat-aggregated immunoglobulin in the carp Cyprinus carpio L. Immunology
(1982) 47:101.

Pierce KV, McCain B, Sherwood MJ. Histology of liver tissue from Dover sole.
Coastal Water Res Proj (1977). p. 207-12.

Huizinga HW, Esch GW, Hazen TC. Histopathology of red-sore disease
(Aeromonas hydrophila) in naturally and experimentally infected largemouth
bass Micropterus salmoides (Lacepede).] Fish Dis(1979) 2:263-77.d0i:10.1111/
j.1365-2761.1979.tb00169.x

Kranz H. Changes in splenic melano-macrophage centers of dab Limanda
limanda during and after infection with ulcer disease. Dis Aquat Organ (1989)
6:167-73. doi:10.3354/dao006167

Blazer VS, Fournie JW, Weeks-Perkins BA. Macrophage aggregates: biomarker
for immune function in fishes? Environ Toxicol Risk Assess (1997) 6:360-75.
Ellis AE, De Sousa M. Phylogeny of the lymphoid system. I. A study of the
fate of circulating lymphocytes in plaice. Eur ] Immunol (1974) 4:338-43.
doi:10.1002/eji.1830040505

Saunders HL, Oko AL, Scott AN, Fan CW, Magor BG. The cellular context
of AID expressing cells in fish lymphoid tissues. Dev Comp Immunol (2010)
34:669-76. doi:10.1016/j.dci.2010.01.013

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Flajnik ME, Kasahara M. Origin and evolution of the adaptive immune sys-
tem: genetic events and selective pressures. Nat Rev Genet (2009) 11:47-59.
doi:10.1038/nrg2703

Boehm T. Form follows function, function follows form: how lymphoid
tissues enable and constrain immune reactions. Immunol Rev (2016) 271:4-9.
doi:10.1111/imr.12420

Paradis E, Claude J, Strimmer K. APE: analyses of phylogenetics and evolution
in R language. Bioinformatics (2004) 20:289-90. doi:10.1093/bioinformatics/
btg412

Rosindell J, Harmon LJ. OneZoom: a fractal explorer for the tree of life. PLoS
Biol (2012) 10:¢1001406. doi:10.1371/journal.pbio.1001406

Sales CF, Silva RE, Amaral MGC, Domingos FFT, Ribeiro RIMA, Thomé
RG, et al. Comparative histology in the liver and spleen of three species
of freshwater teleost. Neotrop Ichthyol (2017) 15. doi:10.1590/1982-0224-
20160041

Blazer VS, Wolke RE, Brown ], Powell CA. Piscine macrophage aggregate
parameters as health monitors - effect of age, sex, relative weight, season and
site quality in largemouth bass (Micropterus salmoides). Aquat Toxicol (1987)
10:199-215. doi:10.1016/0166-445X(87)90012-9

Agius C. The effects of splenectomy and subsequent starvation on the
storage of haemosiderin by the melano-macrophages of rainbow trout Salmo
gairdneri Richardson. J Fish Biol (1981) 18:41-4. doi:10.1111/j.1095-8649.1981.
tb03757.x

Manrique WG, da Silva Claudiano G, Petrillo TR, de Castro MP, Pereira
Figueiredo MA, de Andrade Belo MA, et al. Response of splenic melanomac-
rophage centers of Oreochromis niloticus (Linnaeus, 1758) to inflammatory
stimuli by BCG and foreign bodies. JAppl Ichthyol (2014) 30:1001-6.
doi:10.1111/jai.12445

Agius C, Roberts RJ. Effects of starvation on the melano-macrophage
centres of fish. J Fish Biol (1981) 19:161-9. doi:10.1111/j.1095-8649.1981.
tb05820.x

McHeyzer-Williams LJ, McHeyzer-Williams MG. Antigen-specific memory
B cell development. Annu Rev Immunol (2005) 23:487-513. doi:10.1146/
annurev.immunol.23.021704.115732

Fagarasan S, Honjo T. T-independent immune response: new aspects of B cell
biology. Science (2000) 290:89-92. doi:10.1126/science.290.5489.89

Wolke RE, George CJ, Blazer VS. Parisitology and pathology of marine
organisms of the world ocean. In: Hargis W], editor. NOAA Tech Rep NMFS
(1985). p. 93-7.

Montero D, Blazer VS, Socorro J, Izquierdo MS, Tort L. Dietary and culture
influences on macrophage aggregate parameters in gilthead seabream
(Sparus aurata) juveniles. Aquaculture (1999) 179:523-34. doi:10.1016/
50044-8486(99)00185-4

Kumar R, Joy KP, Singh SM. Morpho-histology of head kidney of female
catfish Heteropneustes fossilis: seasonal variations in melano-macrophage
centers, melanin contents and effects of lipopolysaccharide and dexameth-
asone on melanins. Fish Physiol Biochem (2016) 42:1287-306. doi:10.1007/
510695-016-0218-2

Barni S, Bertone V, Croce AC, Bottiroli G, Bernini E, Gerzeli G. Increase in
liver pigmentation during natural hibernation in some amphibians. | Anat
(1999) 195:19-25. d0i:10.1046/j.1469-7580.1999.19510019.x

De Souza Santos LR, Franco-Belussi L, Zieri R, Borges RE, de Oliveira C.
Effects of thermal stress on hepatic melanomacrophages of Eupemphix nat-
tereri (Anura). Anat Rec (2014) 297:864-75. doi:10.1002/ar.22884
Franco-Belussi L, Nilsson Skold H, de Oliveira C. Internal pigment cells
respond to external UV radiation in frogs. ] Exp Biol (2016) 219:1378-83.
doi:10.1242/jeb.134973

Brown CL, George CJ. Age-dependent accumulation of macrophage aggre-
gates in the yellow perch, Perca flavescens (Mitchill). J Fish Dis (1985) 8:135-8.
doi:10.1111/j.1365-2761.1985.tb01195.x

Couillard CM, Hodson PV. Pigmented macrophage aggregates: a toxic
response in fish exposed to bleached-kraft mill effluent? Environ Toxicol Chem
(1996) 15:1844-54. doi:10.1002/etc.5620151027

Christiansen JL, Grzybowski JM, Kodama RM. Melanomacrophage aggre-
gations and their age relationships in the yellow mud turtle, Kinosternon
flavescens (Kinosternidae). Pigment Cell Res (1996) 9:185-90. doi:10.1111/
j.1600-0749.1996.tb00108.x

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 827


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1146/annurev-immunol-020711-075032
https://doi.org/10.1038/nri3689
https://doi.org/10.1016/S0092-8674(00)00078-7
https://doi.org/10.1016/S0092-8674(00)00078-7
https://doi.org/10.1016/j.cell.2010.03.016
https://doi.org/10.1016/B978-0-12-387663-8.00005-3
https://doi.org/10.1038/354389a0
https://doi.org/10.1016/0092-8674(91)90289-B
https://doi.org/10.1016/j.dci.2005.06.007
https://doi.org/10.1016/S0145-305X(01)00064-7
https://doi.org/10.1016/S0145-305X(01)00064-7
https://doi.org/10.1016/j.fsi.2005.12.012
https://doi.org/10.1016/j.dci.2014.10.003
https://doi.org/10.1016/j.dci.2014.10.003
https://doi.org/10.1111/j.1095-8649.1987.tb05321.x
https://doi.org/10.1111/j.1365-2761.1996.tb00128.x
https://doi.org/10.1111/j.1365-2761.1996.tb00128.x
https://doi.org/10.1002/ar.1092260408
https://doi.org/10.1111/j.1365-2761.1980.tb00424.x
https://doi.org/10.1111/j.1365-2761.1979.tb00169.x
https://doi.org/10.1111/j.1365-2761.1979.tb00169.x
https://doi.org/10.3354/dao006167
https://doi.org/10.1002/eji.1830040505
https://doi.org/10.1016/j.dci.2010.01.013
https://doi.org/10.1038/nrg2703
https://doi.org/10.1111/imr.12420
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1371/journal.pbio.1001406
https://doi.org/10.1590/1982-0224-20160041
https://doi.org/10.1590/1982-0224-20160041
https://doi.org/10.1016/0166-445X(87)90012-9
https://doi.org/10.1111/j.1095-8649.1981.tb03757.x
https://doi.org/10.1111/j.1095-8649.1981.tb03757.x
https://doi.org/10.1111/jai.12445
https://doi.org/10.1111/j.1095-8649.1981.tb05820.x
https://doi.org/10.1111/j.1095-8649.1981.tb05820.x
https://doi.org/10.1146/annurev.immunol.23.021704.115732
https://doi.org/10.1146/annurev.immunol.23.021704.115732
https://doi.org/10.1126/science.290.5489.89
https://doi.org/10.1016/S0044-8486(99)00185-4
https://doi.org/10.1016/S0044-8486(99)00185-4
https://doi.org/10.1007/s10695-016-0218-2
https://doi.org/10.1007/s10695-016-0218-2
https://doi.org/10.1046/j.1469-7580.1999.19510019.x
https://doi.org/10.1002/ar.22884
https://doi.org/10.1242/jeb.134973
https://doi.org/10.1111/j.1365-2761.1985.tb01195.x
https://doi.org/10.1002/etc.5620151027
https://doi.org/10.1111/j.1600-0749.1996.tb00108.x
https://doi.org/10.1111/j.1600-0749.1996.tb00108.x

Steinel and Bolnick

MMCs as Poikilotherm Immune Biomarker

75.

76.

77.

78.

79.

80.

81.

Kurtovi¢ B, Teskeredzi¢ E, Teskeredzi¢ Z. Histological comparison of spleen
and kidney tissue from farmed and wild European sea bass (Dicentrarchus
labrax L.). Acta Adriat (2008) 49:147-54.

Evans D, Nowak B. Effect of ranching time on melanomacrophage centres in
anterior kidney and spleen of Southern bluefin tuna, Thunnus maccoyii. Fish
Shellfish Immunol (2016) 59:358-64. d0i:10.1016/j.£s1.2016.11.014

Fournie JW, Summers JK, Courtney LA, Engle VD, Blazer VS. Utility of
splenic macrophage aggregates as an indicator of fish exposure to degraded
environments. | Aquat Anim Health (2001) 13:105-16. doi:10.1016/
0145-305X(91)90007-L

Pronina SV, Batueva MDD, Pronin NM. Characteristics of melanomacrophage
centers in the liver and spleen of the roach Rutilus rutilus (Cypriniformes:
Cyprinidae) in Lake Kotokel during the Haff disease outbreak. J Ichthyol
(2014) 54:104-10. doi:10.1134/S003294521401010X

Haensly WE, Neff JM, Sharp JR. Histopathology of Pleuronectes platessa L.
from Aber Wrac’h and Aber Benoit, Brittany, France: long-term effects of
the Amoco Cadiz crude oil spill. J Fish Dis (1982) 5:365-91. doi:10.1111/
j.1365-2761.1982.tb00494.x

Pierce KV, McCain BB, Wellings SR. Pathology of hepatomas and other
liver abnormalities in English sole (Parophrys vetulus) from the Duwamish
River estuary, Seattle, Washington. J Natl Cancer Inst (1978) 60:1445-53.
doi:10.1093/jnci/60.6.1445

Jantawongsri K, Thammachoti P, Kitana J, Khonsue W, Varanusupakul P,
Kitana N. Altered immune response of the rice frog Fejervarya limnocharis liv-
ing in agricultura area with intensive herbicide utilization at Nan, Providence,
Thailand. Environ Asia (2015) 8:68-74. doi:10.14456/ea.2015.9

82.

83.

84.

85.

Suresh N. Effect of cadmium chloride on liver, spleen and kidney
melano macrophage centres in Tilapia mossambica. ] Environ Biol (2009)
30:505-8.

Mela M, Randi MAE, Ventura DE Carvalho CEV, Pelletier E, Oliveira Ribeiro CA.
Effects of dietary methylmercury on liver and kidney histology in the neo-
tropical fish Hoplias malabaricus. Ecotoxicol Environ Saf (2007) 68:426-35.
doi:10.1016/j.ecoenv.2006.11.013

van der Weiden M, Bleumink R, Seinen W. Concurrence of P450 1A induction
and toxic effects in the mirror carp (Cyprinus carpio), after administration
of allow dose of 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin. Aquat Toxicol (1994)
29:147-62. doi:10.1016/0166-445X(94)90065-5

Kranz H, Gercken J.Effects of sublethal concentrations of potassium
dichromate on the occurrence of splenic melano-macrophage centres
in juvenile plaice, Pleuronectes platessa, L. ] Fish Biol (1987) 31:75-80.
doi:10.1111/j.1095-8649.1987.tb05296.x

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Steinel and Bolnick. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribu-
tion or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 827


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.fsi.2016.11.014
https://doi.org/10.1016/0145-305X(91)90007-L
https://doi.org/10.1016/0145-305X(91)90007-L
https://doi.org/10.1134/S003294521401010X
https://doi.org/10.1111/j.1365-2761.1982.tb00494.x
https://doi.org/10.1111/j.1365-2761.1982.tb00494.x
https://doi.org/10.1093/jnci/60.6.1445
https://doi.org/10.14456/ea.2015.9
https://doi.org/10.1016/j.ecoenv.2006.11.013
https://doi.org/10.1016/0166-445X(94)90065-5
https://doi.org/10.1111/j.1095-8649.1987.tb05296.x
http://creativecommons.org/licenses/by/4.0/

	Melanomacrophage Centers As a Histological Indicator of Immune Function in Fish and Other Poikilotherms
	Introduction
	Non-Immunological Functions of the MMC
	Immune Functions of the MMC
	Evolutionary History of MMCs
	Are MMCs an Evolutionary Precursor to the Mammalian GC?
	Future Directions
	Notes for the Wild Immunologist
	Conclusion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


